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ULTRACONIC  MEASUREMENT  OF  THE  VELOCITY  OF  SOUND 
IN  DISTILLED  AND  SEA  WATER 


Prepared  by: 
W.  D.  Wilson 


ABSTRACT:  An  instrument  has  been  desiqned  and 
constructed  for  the  measurement  of  sound  speed  in 
liquids  as  a  function  of  temperature  and  pressure. 

ni  HUI?ent-UtiluZeS  • the  ultrasonic  pulse  tech¬ 

nique  to  determine  the  time  required  for  a  pulse  to 

fiypd^t  the  distance  between  two  crystal  transducers 
*  A3Sh  Sn?  °f  a  cYlinder  containing  the  test 
liquid.  A  description  of  the  instrument  and  the 
accessory  equipment  required  for  its  use  is  given  in 
this  report.  The  results  obtained  in  distilled 
?fiSr  “d  ln  are  tabulated  and  compared 

ii  pLfeS+  wS+KbtalCed  in  °ther  investigations. 

In  i®d  P^ecision  of  the  measurements 

in  water  is  1  part  in  7,500. 
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This  report  describes  the  design,  construction,  theory  and 
use  of  a  velocimeter  for  the  precision  measurement  of  the 
speed  of  sound  in  liquids  and  it  presents  original  data  on 
the  speed  of  sound  in  distilled  water  and  in  samples  of  sea 
water.  The  present  work  was  supported  by  Foundational 
Research  funds  under  the  "Liquid  State"  task,  FR-54.  The 
report  will  be  of  interest  principally  to  other  physicists 
interested  in  precision  measurements  of  the  speed  of  sound 
and  in  basic  research  on  the  liquid  state. 


J.  A.  QUENSE'  ,  Acting 
Captain,  USN 
Commander 


S.  J.  RAFF 
By  direction 
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ULTRASONIC 


MEASUREMENT  OF  THE  VELOCITY 
IN  DISTILLED  AND  SEA  WATER 


OF  SOUND 


INTRODUCTION 


1.  A  review  of  the  literature  concerned  with  the  thermodvnami t 

properties  of  liquids  indicates  that  very  little  work  has  hppn 
done  to  determine  the  influence  of  pressure  on  thp  na-ramo+o 
involved  The  work  by  P.  W.  BridgeS  repress  "  Vf 

study  in  liquids  under  high  pressure  and  it  i  en  q 

There  are  many, studies  in  liquid  state  physics,  however  which 

Janae176  The^t*1^  1?vest| Qation  in  some  intermediate  pressure 
Th  uitraso"lc  velocimeter  at  the  Naval  Ordnance 
Laboratory  was  constructed  primarily  to  measure  the  speed  of 
sound  in  water  over  a  pressure  range  14.7  psi  £  p  14  000  Dsi 
and  a  temperature  range  of  -4.0°C  <  T  <  100°r  The  ^ 

is  qui^  versatile,  however,  and  may  be  “d  i.r  h  S  3 
and  for  pressures  up  to  100,000  psi.  °  ilciulds 

2.  Of  the  numerous  instruments  that  have  been  desioned  to 
measure  the  speed  of  sound  in  liquids  three  have  been  con- 

»uS“he  dreaSsforat-9h  2’3’4-  Th!  inltTUZnt 

|V  M-  Gregnspan  and"  ^Sie  n^h^a?^^^ 

on!?1  ol  sound  speed  at  atm«!!!r!c 

ar!  n”d  ^y;osIu!nlnS™Vrr,t  USes  crys*al  transducers  which 

pressure  to  the  test  sample  and  has  proved  to  bp  nnito 
satisfactory  for  the  purpose  intended  in  the  NOL  Selocimeter. 

wi tl^accurate^specif ic  %VuL°*  tSOl,nd  j?  liquids-  “hen  combined 

i‘s%!^rm?rmfcfquant“ies 
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THEORY  AND  DESIGN  OF  THE  VELOCIMETER 

4.  The  actual  measurement  of  sound  speed  is  accomplished  in 
a  cylindrical  housing  which  is  4.997934  ±0.000005"  long  and 
has  a  bore.  Each  end  of  the  cylinder  is  terminated  by  a 
5  me,  gold  plated,  quartz  crystal  for  the  transmission  and 
reception  of  sound.  The  test  liquid  is  placed  in  this  chamber 
for  the  measurement  of  sound  speeds.  The  bore  diameter  of  the 
cylinder  is  approximately  12.5  times  the  wave  length  of  sound 
in  the  crystal.  The  transmitting  crystal  is  driven  by  a  series 
of  pulses,  each  of  0.05  Msec  duration,  with  a  repetition  fre¬ 
quency  which  depends  on  the  length  of  the  acoustic  path.  The 
acoustic  path  is  taken,  to  a  good  approximation,  to  be  the 
physical  distance  between  the  transmitting  and  receiving 
crystals.  When  a  pulse  is  applied  to  the  transmitting  crystal, 
a  5  me  wave  train  is  transmitted  through  the  liquid.  This 
wave  train  is  reflected  back  upon  itself  by  the  receiving 
crystal  and  is  returned  to  the  transmitting  crystal.  As  it 
arrives  at  the  transmitting  crystal,  a  second  pulse  is 
initiated.  The  initial  wave  train  and  the  wave  train  result¬ 
ing  from  the  second  pulse  then  travel  through  the  liquid 
together.  The  superimposed  waves  are  detected  by  the  receiving 
crystal  and  displayed  on  an  oscilloscope.  The  repetition 
frequency  of  the  pulse  is  varied  until  the  first  half  cycles 
of  the  wave  trains  coincide.  The  pulse  repetition  frequency 
indicates  the  time  required  for  the  sound  waves  to  travel  twice 
the  length  of  the  acoustic  path.  The  speed  of  sound  in  the 
liquid  sample  is  computed  from  this  time  and  from  the  known 
distance  between  crystals. 

5.  The  velocimeter  was  constructed  with  great  care.  The  ends 
of  the  cylinder  were  accurately  machined  plane  parallel  to  each 
other  and  perpendicular  to  the  axis.  The  back  of  the  crystals 
are  first  attached  to  Mycalex  insulators  with  vacuum  grease  and 
this  assembly  is  then  forced  against  the  ends  of  the  cylinder 
by  compression  springs.  The  crystals  used  were  gold  plated  to 
provide  electrical  contacts.  Since  sound  speeds  were  to  be 
obtained  under  pressure,  neoprene  O-rings  were  employed  between 
the  crystals  and  the  cylinder  to  provide  a  liquid  seal.  The 
depths  of  the  "0"-ring  grooves  were  designed  to  allow  the 
O-rings  to  compress  under  the  force  of  the  springs.  This 
allowed  the  crystals  to  make  uniform  contact  with  the  ends  of 
the  cylinder  when  the  end  caps  were  secured  in  position.  This 
construction  permitted  easy  assembly  and  disassembly  of  the 
velocimeter.  Fig.  1  shows  the  construction  of  the  velocimeter. 
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6.  The  length  of  the  test  chamber  is  sufficient  to  prevent 
overlapping  of  the  wave  train.  The  pulses  are  consequently 
separated  in  time  to  prevent  the  first  cycle  of  a  wave  train 
from  being  affected  by  the  later  portions  of  the  previous  wave 
train  when  coincidence  is  being  established.  It  is  believedT 
that  wave-crystal  interaction  during  reflection  affects  the . 
phase  of  that  portion  of  the  wave  which  arrives  after  the  first 
cycle.  This  is  particularly  true  if  the  two  crystals  are  not 
matched  in  frequency.  In  the  MOL  instrument,  the  time  required 
for  sound  to  traverse  the  length  of  the  test  chamber  is 
approximately  five  times  the  duration  of  the  wave  train  (in 
water) . 

7.  The  transmission  of  pressure  to  the  test  liquid  is 
accomplished  by  attaching  a  bellows  to  one  end  cap  of  the 
velocimeter.  The  bellows  is  filled  with  the  test  liquid  and 
communicates  hydrostatically  with  the  liquid  in  the  test 
chamber.  The  bellows  is  made  of  stainless  steel  and  a  force 
is  required  to  compress  it.  This  force  is  a  function  of  the 
pressure  applied  and  the  compressibility  of  the  liquid  sample. 

A  soft  bellows  is  used  to  obtain  a  minimum  pressure  drop  across 
the  bellows.  In  the  NOL  instrument,  the  pressure  in  a  distilled 
water  sample  is  0.89  psi  lower  than  the  pressure  indicated  out¬ 
side  the  velocimeter  when  the  hydrostatic  pressure  field  outside 
is  15,000  psi. 


ASSOCIATED  INSTRUMENTATION 


8.  A  schematic  of  the  instrumentation  required  for  monitoring 
and  controlling  the  physical  environment  of  the  velocimeter 
is  shown  in  Fig.  2.  The  velocimeter  is  placed  in  its  pressure 
vessel  and  this  assembly  is  lowered  into  a  110  gallon  constant 
temperature  bath.  The  bath  liquid  is  a  water-alcohol  mixture 
which  is  continuously  agitated  by  three  circulating  pumps. 

The  temperature  of  the  bath  is  controlled  by  a  mercury  thermo¬ 
regulator.  An  external  refrigeration  unit  is  used  to  obtain 
the  low  temperature.  The  thermistor  shown  in  Fig.  2. is  used 
initially  as  a  probe  to  sense  temperature  gradients  in  the 
bath.  Such  gradients  were  eliminated  by  installing  three  pumps 
to  circulate  the  bath  liquid.  The  thermistor  is  used  also  to 
detect  fluctuations  in  bath  temperature  caused  by  the  regulat¬ 
ing  system.  By  controlling  the  rate  of  heating  and  cooling  of 
the  bath,  these  fluctuations  can  be  reduced  to  0.0005°C  peak  to 
peak  at  all  temperatures  between  -3°C  and  +90°C.  Finally,  the 
absolute  temperature  of  the  bath  is  measured  with  a  platinum 
resistance  thermometer. 
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9  Since  a  change  in  pressure  of  2000  psi  can  change  the 
temperature  of  the  test  liquid  nearly  1.0°C,  it  was  necessary 
to  allow  the  test  liquid  and  the  bath  to  come  to  thermal  equi¬ 
librium.  Equilibrium  was  determined  by  monitoring  the  speed 
of  sound  until  a  constant  value  was  observed.  Experience  with 
the  system  indicated  that  it  requires  nearly  one  hour  for  the 
temperature  inside  and  outside  thepressure  vessel  to  stabilize 
after  a  pressure  change  of  2000  psi. 


10.  During  the  measurements  of  sound  speed  in  distilled  water 
the  pressure  was  determined  by  a  deadweight  tester,  a  sensitive 
Heise  pressure  gauge,  and  a  manganin  resistance  cell.  Due  to 
(jit i icult ies  encountered  in.  the  use  of  the  manganin  cell,  the 
deadweight  tester  was  relied  upon  for  the  pressures  recorded. 
Prior  to  the  measurements  of  sound  speedin  sea  water  the 
difficulties  experienced  with  the  manganin  cell  were  overcome 
and  it  was  used  to  determine  the  actual  pressure  during  these 
measurements.  The  manganin  cell  was  calibrated  against  a  high 
precision  deadweight  tester.  The  resistance  change  of  the 
manganin  cell  was  a  linear  function  of  the  pressure.  It  is 
estimated  that  the  pressures  recorded  for  the  distilled  water 
results  are  accurate  to  within  ±7  psia  and  that  those  recorded 
for  the  sea  water  results  are  accurate  to  within  ±2  psia.  All 
pressures  recorded  in  this  report  are  absolute. 


11.  The  electronic  instrumentation  shown  in  Fig.  2  is  expanded 
in  the  block  diagram  of  Fig.  3.  With  the  exception  of  the 
pulse  generator  and  the  blocking  oscillator,  all  components  are 
commercially  available.  The  pulse  generator  and  the  blocking 
oscillator  circuits  (shown  in  Fig.  4)  are  standard  circuits  and 
do  not  require  detailed  explanation.  It  should  be  noted,  how¬ 
ever,  that  the  duration  of  the  pulse  should  be  short  compared 
to  the  natural  period  of  the  crystals.  The  duration  of  the 
pulse  in  the  NOL  velocimeter  is  approximately  i  the  crystal 
period  with  an  open  circuit  amplitude  of  80  volts.  The  highest 
efficiency  is  obtained  when  the  pulse  duration  is  slightly 
greater  than  \  the  natural  period  of  the  crystal.  The  output 
of  the  blocking  oscillator  is  rectified  so  that  only  the  posi¬ 
tive  half  cycle  of  the  pulse  is  applied  across  the  transducer. 


METHOD  OF  MEASUREMENT 

12.  The  precision  with  which  the  temperature,  pressure,  and 
frequency  must  be  measured  depends  upon  the  effect  each  has  on 
the  speed  of  sound  and  upon  the  accuracy  required.  The  change 
in  sound  speed  per  degree  change  in  temperature  in  the  neigh¬ 
borhood  of  0°C  is  about  5.0  m/sec/deg  for  water.  To  obtain  an 
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accuracy  of  1  part  in  30,000  for  the  speed  of  sound  in  water, 
the  temperature  must  be  known  to  the  nearest  0.01°C;  actually, 
the  temperature  was  measured  to  the  nearest  0.001°C  and  rounded 
to  the  nearest  0.01OC  after  all  calculations  were  completed. 

In  regards  to  pressure,  it  is  found  that  a  unit  change  in  pres¬ 
sure  will  change  the  speed  of  sound  in  water  by  0.011  m/sec/psi 
in  the  neighborhood  of  atmospheric  pressure.  This  coefficient 
does  not  vary _ appreci ably  in  the  pressure  range  considered  so 
it  may  be  estimated  that  a  change  of  4  psi  will  not  affect  the 
speed  of  sound  measurements  beyond  the  precision  required.  It 
be  recalled^ from  above  that  the  pressure  can  be  measured  to 
within  psi  with  the  manganin  resistance  cell.  The  change  in 
sound  speed  per  unit  change  in  frequency  is  0.127  m/sec/cps.  A 
maximum  change  of  1.2  cps  may  be  tolerated  if  the  above  accuracy 
is  to  be  obtained.  Ten  readings  of  frequency  were  obtained  for 
the  computation  of  each  sound  speed  data  point.  These  measure- 
ments  were  required  to  have  a  standard  deviation  from  their  mean 
ot  U.2  cps;  if  this  condition  did  not  occur  the  ten  readinqs 
were  discarded  and  a  new  set  obtained.  This  allowed  frequency 
variation  included  a  ±0;1  cps  variation  due  to  the  accuracy  of 
the  counter  and  the  variations  in  frequency  resulting  from  the 
ability  of  the  operator  to  set  coincidence  of  the  sound  waves. 


13.  _ It  should  be  noted  that  the  measurement  of  each  parameter 
^  based  on  a  desired  precision  of  1  part  in 
3U , UUO .  Since  the  errors  associated  with  each  measurement  add 
0  i  i  fin^  error  in  the  sound  speed  measurements  care 

must  be  taken  that  their  sum  does  not  exceed  the  precision 
desired  in  the  final  sound  speed  tables 


If*  The  actual  measurements  of  sound  speed  were  obtained  by 
first  adjusting  the  temperature  and  then,  for  this  temperature, 
to  vary  the  pressure  over  the  range  required.  Approximately 
one  hour  was  allowed  to  elapse  after  each  pressure  change  before 
the  repetition  frequency  was  measured.  This  is  to  assure  that 

emni?h^  *5®  pressure  in  the  test  liquid  has  come  to 

equilibrium  with  the  temperature  of  the  bath  and  the  pressure  ir 

whLm+h9anin- The  frequency  itself  was  used  to  determine 
when  the  equilibrium  conditions  were  established.  When  this 
condition  was  obtained  ten  measurements  of  the  repetition  fre¬ 
quency  were  recorded.  The  average  of  these  ten  readings  were 
then  used  to  compute  the  speed  of  sound.  This  computation  also 
includes  a  correction  for  the  change  in  length  of  the  velocim- 
eter  due  to  temperature  and  pressure  changes* 
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EXPERIMENTAL  RESULTS  IN  WATER 

15.  Values  for  the  speed  of  sound  in  distilled  water  were 
obtained  for  eleven  temperatures  and  eight  pressures  in  the 
temperature  range  0  <  T  100°C  and  the  pressure  range  14.7 
psia  £  P  £  14,000  psia.  These  data  points  are  plotted  in  Fig. 

5  with  temperature  as  abscissa  and  in  Fig.  6  with  pressure  as 
abscissa.  The  experimental  results  are  also  tabulated  in 
Table  I.  In  sea  water,  581  measurements  of  sound  speed  were 
made  in  the  range  33  %o  <  S  <  37  %0  ,  -3°C  <  T  <  30°C,  and 
14.7  <,  P  <,  14,000  psi ,  where  S,  T,  and  P  refer  respectively 
to  salinity,  temperature,  and  pressure.  These  results  are 
tabulated  in  Tables  II  through  VI  and  in  Figs.  7  through  11. 

The  sea  water  samples  were  furnished  by  the  Navy  Hydrographic 
Office  and  are  actual  sea  water  taken  from  the  Bermuda-Key  West 
area  of  the  Atlantic  Ocean.  Empirical  equations  have  been 
fitted  to  the  distilled  water  data^  and  to  the  sea  water  data^; 
these  equations  and  their  associated  tables  are  not  given  here' 
since  they  have  been  reported  in  the  references  given. 


DISCUSSION  OF  RESULTS  IN  WATER 

16.  It  may  be  seen  in  Fig.  5  that  the  maximum  sound  speed  in 
distilled  water  shifts  toward  higher  temperatures  as  higher 
pressures  are  considered.  This  behavior  agree?;  with  the  results 
obtained  by  A.  Smith  and  A.  Lawson-3  and  by  T.  Litovitz  and 
E.  Carnevale  .  It  is  contrary  to  the  results  of  G.  Holton2. 

From  Table  I  and  Tables  II  through  VI  it  is  seen  that  the  meas¬ 
ured  sound  speeds  in  water  at  atmospheric  pressure  exceed  the 
predicted  values  of  S.  Kuwahara^  and  D.  J.  Matthews3-!  by  about 
3  m/sec.  This  difference  between  the  predicted  and  the  measured 
sound  speeds  was  observed  earlier  in  distilled  water  and  in  sea 
water  by  V.  Del  Grossol^  and  it  is  further  substantiated  here. 

It  is  apparent  that  the  tables  of  sound  speed  in  current  use 
the  Kuwahara  and  the  Matthews  tables,  are  in  error  at  atmospheric 
pressure.  At  pressures  greater  than  atmospheric  pressure  furthei 
differences  are  observed.  It  is  seen  in  Fig.  6  that  the  curves 
of  sound  speed  vs  pressure  in  distilled  water  are  concave  upward 
for  temperatures  less  than  20°C  and  concave  downward  for  tempera¬ 
tures  greater  than  20°C  over  the  pressure  range  of  14.7  to  14  00C 
psia.  .his  is  also  approximately  true  for  sea  water.  The 
Kuwahara  and  the  Matthews  tables,  when  plotted  against  pressure 
give  curves  which  are  concave  downward  for  all  temperatures 
This  contrast  is  shown  clearly  in  Fig.  12  for  sea  water  of 
salinity  33.05  %o  . 
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10,000  1524.61  1533.29  1564.78  1596.90  1625.06  1645.14  1661.28  1672.30  1679-34  1682.13  1682.18 
12,000  1549.93  1598.09  1588.75  1620.25  1647.88  1667.72  1684.00  1695.13  1702.55  1705.65  1706.39 
14,000  1575.22  1583.15  1612.66  1643.41  1670.58  1690.41  1706.51  1717.68  1725.28  1728.69  1730.02 
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10,000  1552.43  1557. A  1562.49  1566.67  1570.39  1575.18  1578.97  1582.04  1586.47  1590.63  1603.94  1620.37  1634.67  1648.14  1659.09 
12,000  1577.65  1582.84  1587.47  1591.53  1595.03  1599.58  1603.33  1606.14  1610.43  1614.60  1627.48  1643.52  1657.58  1670.64  1681.57 
14,000  1603.07  1608.09  1612.50  1616.18  1619.74  1623.99  1627.74  1630.39  1634.65  1638.73  1651.06  1666.55  1680.29  1693.07  1703.78 
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17.  The  differences  between  the  measured  sound  speeds  and  the 
predicted  sound  speeds  at  atmospheric  pressure  were  discussed 
by  V.  Del  Grosso^d.  To  account  for  the  differences  between 
the  computed  and  measured  sound  speeds  at  other  pressures  a 
review  was  made  of  the  method  used  for  computing  sound  speeds 
from  specific  volume  data.  Kuwahara  and  Matthews  computed 
sound  speeds  in  sea  water  from  Newton* s  formula 


c 


2 


(1) 


where  y  is  the  ratio  of  specific  heats,  p 
P  is  the  isothermal  compressibility.  The 
from  the  formula 


is  the  density,  and 
density  was  computed 


(2) 


where  4  is  the  mean  compressibility  per  bar  between  the  pres¬ 
sures  Pq  =  0  and  P  =  P.  The  true  compressibility,  p,  was  found 
from  the  mean  compressibility  by  the  relation, 


P  = 


'  +  p 

*  dP 

1  -  P/r 


(3) 


It  may  be  seen 
is  defined  by 


from  this  equation  that  the  mean  compressibility 


4 


(V 


V 


poT 


Tp 


(4) 


where  Pq  -  0. 
obtain ; 


Substituting  Eqs .  (2)  and  (3)  into  Eq.  (l),  we 


c2  =  -XU-.B0  . 
p0(v  +  p  Hp) 


(5) 


The  object  in  writing  the  equation  for  sound  speed  in  terms  of 
4  instead  of  p  was  to  allow  the  use  of  an  empirical  equation 
obtained  by  V.  Ekmanl4  for  n.  Ekman  '  s  equation  for  ju  is  written 
as  a  function  of  temperature,  pressure,  and  salinity.  This 
empirical  equation  was  based  principally  on  Amagat'sl^  specific 
volume  tables  for  distilled  water  and  a  few  representative 
measurements  of  the  specific  volume  of  sea  water  made  by  Ekman. 
The  pressure  dependence  of  4  in  Ekman' s  equation  relies  upon 
Amagat's  pressure  measurements.  Therefore  the  effect  of  pres¬ 
sure  on  the  speed  of  sound  in  water  should  have  the  same 
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characteristics  regardless  of  whether  Ekman's  or  Amagat's  data 
is  used.  In  Eq.  (5)  /i.  can  be  obtained  either  from  Eq.  (4)  and 
Amagat's  data,  or  from  Ekman's  empirical  equation.  If  Eq.  (4) 
and  Amagat's  data  are  used  the  second  derivatives  of  sound 
velocity  in  distilled  water  with  respect  to  pressure  are  posi¬ 
tive.  If  Ekman's  equation  for  /i  is  used  the  second  derivatives 
axe  negative.  It  is  apparent,  therefore,  that  the  negative 
curvature  of  sound  speed  as  a  function  of  pressure  have  been 
introduced  by  the  inclusion  of  Ekman's  work.  Since  Ekman's 
equation  is  estimated  to  be  accurate  to  about  three  parts  per 
thousand!^  sound  speeds  computed  from  Ekman's  equation  cannot 
be  more  accurate  than  4.5  m/sec.  In  actuality,  the  differences 
observed  between  the  measured  and  the  computed  sound  speeds  are 
less  than  this  amount.  Comparison  of  the  effect  of  pressure  on 
the  speed  of  sound  is  not  possible  in  other  work2.3,4  because 
of  the  large  pressure  increments  taken  and  the  small  amount  of 
data  obtained  in  the  pressure  range  considered  here. 


PRECISION  AND  ACCURACY  OF  THE  INSTRUMENTATION 

18.  In  this  report  precision  has  to  do  with  the  accidental 
or  random  errors.  On  the  other  hand,  the  accuracy  pertains  to 
the  systematic  errors  associated  with  the  measurements  in  the 
absence  of  random  errors.  The  precision  of  the  measurements 
is  obtained  by  fitting  equations*?  to  the  measured  data  by  the 
method  of  least  squares.  If  the  equation  is  a  good  approxima¬ 
tion  to  the  mean  of  the  experimental  data,  residuals  obtained 
from  the  differences  between  the  computed  and  the  measured 
sound  speeds  may  be  used  to  obtain  a  standard  deviation.  The 
standard  deviation  from  the  mean  is  then  taken  as  a  measure 

of  the  precision  of  the  experimental  tiata. 

19.  Proceeding  in  this  manner,  the  algebraic  sum  of  the 
differences  between  the  computed  data  and  the  experimental  data 
divided  by  the  number  of  measurements  (i.e.,  the  average  error) 
was  0.00  m/sec  and  0.01  m/sec  for  distilled  water  and  sea  water, 
respectively.  It  is  concluded  therefore  that  the  equations9 
obtained  to  fit  the  experimental  data  are  good  approximations 
to  the  mean  of  the  experimental  data.  The  standard  deviation 
of  the  experimental  data  from  the  mean,  or,  the  precision,  was 
0.17  m/sec  in  distilled  water  and  0.22  m/sec  in  sea  water.  The 
precision  of  the  data  is  about  one  part  in  7500. 

20.  The  systematic  errors  associated  with  the  sound  speed 
measurement  using  the  velocimeter  are  caused  mainly  by  absorp¬ 
tion,  dispersion,  viscosity,  pressure  differential  across  the 
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bellows,  and  the  effects  of  crystal  distortion  caused  by  this 
pressure  difference.  A  review  of  the  magnitude  of  the  above 
errors  and  other  possible  sources  of  error  has  been  made  and 
is  summarized  in  Table  VII.  At  atmospheric  pressure  the 
contributions  of  the  pressure  differential  and  the  crystal 
distortion  are  zero;  the  systematic  error,  found  by  adding  the 
individual  errors  algebraically,  is  consequently  +0.03  m/sec. 

At  a  pressure  of  14,000  psi,  the  errors  add  to  give  +0.01  m/sec. 
In  Table  VII  the  sign  of  the  individual  error  was  assigned  to 
correct  the  measured  sound  speed  to  correspond  to  the  sound 
speed  for  an  unbounded  medium.  Consequently,  the  estimated 
maximum  systematic  error,  +0.03  m/sec,  indicates  that  the  meas¬ 
ured  sound  speed  is  less  than  the  sound  speed  in  an  infinite 
medium  by  0.03  m/sec. 


SUMMARY 

21.  It  may  be  concluded  that  the  instrument  available  at  NOL 
for  the  measurement  of  sound  speeds  in  water  as  a  function  of 
temperature  and  pressure  can  achieve  a  precision  of  1  part  in 
7,500  under  normal  use.  If  measurements  in  other  liquids  are 
considered  the  precision  with  which  the  sound  speeds  may  be 
obtained  will  depend  upon  the  variation  of  sound  speed  with 
temperature  and  pressure  in  that  particular  liquid.  In  dis¬ 
persive  liquids,  corrections  to  the  speed  of  sound  may  have 
to  be  made  to  account  for  the  ultrasonic  frequencies  used  in 
this  instrument. 
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TABLE  VII 
SYSTEMATIC  ERRORS 

Magnitude  of  Error 

_ Type  of  Error _  (Meter/sec) 

Pressure  differential*  +0.010 

Crystal  deflection*  -0.030 

Pulse  amplitude  -0.002 

Shear  viscosity  (at  tube  walls)  +0.029 

Bulk  viscosity  0.000 

Radial  heat  conduction  0.000 

Heat  conduction  between  compression 

and  rarefactions  0.000 

Molecular  scattering  0.000 

Molecular  and  chemical  absorption  0.000 

Change  in  frequency  due  to 

absorption  0.000 

Change  in  velocity  due  to  dispersion  +0.003 

Time  delay  during  reflection  0.000 

*These  errors  go  to  zero  as  the  pressure  approaches 
atmospheric  pressure. 
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